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Excitons and Resonant Inelastic X-Ray Scattering in Graphite
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X-ray resonant inelastic scattering in graphite is analyzed including the effect of a screened
hole Coulomb potential in the intermediate state. Numerical calculations of the scattered intensi
reported. Evidence for the presence of excitonic states in the observedK-edge spectra is provided,
thus identifying a major drawback in the use of resonant scattering as a probe of electronic
structures. [S0031-9007(97)02852-4]

PACS numbers: 78.70.Ck, 61.10.Dp, 78.70.En
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The high brilliance of synchrotron radiation sourc
has stimulated a number of experimental investigatio
as to the applicability of resonant inelastic x-ray scatt
ing (RIXS) to determine the electronic structure of solid
The probe detects electronic excitations of energyv ­
v1 2 v2 and momentumq ­ q1 2 q2, as allowed by
the corresponding conservation laws. (The subscripts
note ingoing and outgoing photons;h̄ ­ 1.) The physical
information these experiments provide is recorded a
function ofv1 andv2, at a givenq; usually, the emission
spectrum is analyzed for a discrete set ofv1 values, which
are taken across an absorption threshold [1–6]. Compa
to photoelectron spectroscopy, the technique has the
vantage of a negligible surface sensitivity and of being fr
from charging effects; given its element specificity, it cou
provide a useful alternative to photoemission in multie
ment materials.

Localized electronic states have been probed w
RIXS, as have broad bands. Spectra, observed ind
transition metals and rare earths, have been expla
within atomic theory, calculating the permitted deca
from the intermediate-state multiplets [7,8]. Such
description is inappropriate to discuss the data collec
from diamond [1,2], B2O3 [3], boron nitride [3,6], silicon
[4], and graphite [5]. An interpretation of the emissio
profiles has been put forward in the framework of on
electron (independent quasiparticle) theory [2], for the
systems.

RIXS is accurately accounted for by the lowest Bo
approximation. In the one-electron limit the final state
the target differs from the initial one by the presence
one electron-hole pair in the conduction-valence ban
the double-differential scattering cross section refle
the joint density of states, weighed by the oscillat
strength of the local core-level transitions. Moreover,
certain electronic structures, the crystal momentum of
excited electron is (almost) uniquely determined at a giv
absorption energy; anv2 scan maps the momentum
resolved structure of the valence band, in these cases.

As reported by Carlisle and collaborators [5], th
observation of dispersive features about theK edge of
graphite (.284 eV) has been interpreted as providin
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strong support to the validity of the foregoing pictur
which neglects the Coulomb interaction between the d
1s hole and the promoted electron. (For convenience
the reader, the data of Ref. [5] are reproduced in Fig.
It is important to notice that numerical calculations, bas
on ab initio graphite band structures, do not correc
reproduce the near-edge emission profiles of Fig. 1.
satisfactory agreement is obtained when a fraction
the v1 ­ 400 eV spectrum is included, thus introducin
a somewhat arbitrary superposition of events which
far removed in energy [5]; conceptually, this procedu

FIG. 1. Graphite RIXS spectra obtained by Carlisle a
co-workers, for two different photon takeoff angles:a ­
25± (solid lines) anda ­ 70± (dotted lines). Experimenta
geometry: The scattering plane is perpendicular to the grap
planes; the ingoing photon is linearly polarized in the scatter
plane, and the outgoing polarization is not detected. T
scattering angle is fixed at 90±. (Reproduced from Ref. [5].)
© 1997 The American Physical Society 2839
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implies an ill-defined distinction between coherent a
incoherent scattering processes [9].

Objections to the applicability of one-electron theory
describe the graphite data have been raised by Brühw
and co-workers [10]. These authors have stressed
possible importance of excitonic and vibronic effects
the intermediate state.

This Letter reports numerical results for the RIXS cro
section at the carbonK edge in graphite; excitonic ef
fects are included by considering an intermediate-s
Coulomb potential, which acts between the 1s hole and
band electrons. The calculated emission spectra are in
isfactory agreement with the experimental observation

Theoretical framework.—We consider the resonan
transition amplitude (atT ­ 0, and assumingEi ­ 0),

Ui!f ­ k fjHintGsv1dHintjil ,

as determined by the coupling of the photon to t
electron paramagnetic current

Hint ­ 2
e

mc

Z
drAsrd ? CysrdpCsrd . (1)

The intermediate-state propagator is defined by

Gsvd ­ lim
h!0

sv 2 H 1 ihd21,

with H the electron Hamiltonian. The total scattering ra
(golden rule) reads

Ptotsv1, v2d ­
2p

h̄

X
f

jUi!f j2dsEf 1 v2 2 v1d .

A simple expression for the electron field operat
which appears in Eq. (1), is provided by

Csrd ­
BZX
k

X
m

am,kcm,ksrd 1

BZX
k

X
m

b
y
m,kcm,ksrd .

The notation is as follows. We adopt the particle-ho
picture: Electron annihilation and hole creation operat
are denoted byam,k andb

y
m,k, respectively. (Summation

run over occupied and unoccupied levels, according
a
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Band electrons are identified by a band index and s
m ­ ns; core states are labeled by atomic quantu
numbersm ­ jm, with j ­ c 6

1
2 ; cksrd represents a

Bloch electron.
Expanding the vector potential in plane waves, th

transition amplitude can be given the form

Ui!f ­ N

BZX
kk0

X
jm,j0m0

X
m,m0

Mm,jmsk 1 q1, e1d

3 Mp
m0,jm0sk0 1 q2, ed k fjbjm0,k0 b

y
m0 ,k01q2

3 Gsv1day
m,k1q1

b
y
jm,kjil , (2)

whereN ­ 2pe2ysm2V
p

v1v2d, with V a quantization
volume;e1 ande2 denote photon polarizations. (Recipro
cal lattice vectors have been omitted.) For electric-dipo
transitions, the one-electron matrix element is defined b

Mm,jmsk, ed ­
X
R

e2ik?Re ?
Z

drwp
msr 2 Rd p wjmsrd ,

with R a site label in a lattice ofN sites; w denotes
a Wannier’s function. A symmetry analysis serves
identify charge and magnetic contributions toUi!f [11–
13]; our considerations will be restricted to pure char
scattering.

Electronic relaxation in the resonant process is stud
by considering an electron Hamiltonian of the form
H ­ H0 1 H1, with H0 describing motion in a periodic
structure, and

H1 ­
1
2

X
k,k0,q

X
allm,j,m

Vm0,j0m0;m,jmsqd

3 a
y
m0k01qbjmk2qb

y
j0m0kamk0 (3)

accounting for the presence of a core-hole Coulom
potential in the intermediate state. (The rigid shift o
a fully occupied band has not been included inH1.)
As usual,G ­ G0 1 G0H1G, defining the particle-hole
Green function. In the many-electron Bloch represen
tion, free-intermediate-state propagation is described b
km4, k4; jm3, k3jG0svdjm2k2; jm1k1l ­
dm4k4,m2k2dm3k3,m1k1

v 2 ´m2,k2 1 ´jm1,k1 1 ih
, (4)
he
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with ´ denoting one-electron energies. (Hole states
underlined.)

Scattering in the independent quasiparticle limit.—
Inserting the free propagatorG0sv1d into expression (2),
we obtain

U0
i!f ­ N

BZX
k

X
m,m0,jm

Mm,jmsk 1 q1, e1dMp
m0,jmsk 1 q2, e2d

3
k fja

y
m,k1q1

b
y
m0,k1q2

jil
v1 2 ´m,k1q1 1 ´jm,k 1 ih

, (5)

with jfl ­ jm̃, k̃ 1 q1; m̃0, k̃ 1 q2l and Ef ­ ´m̃,k̃1q1
2

´m̃0,k̃1q2 .
re Expression (5) yields the scattering amplitude in t
independent quasiparticle limit. When such an appro
mation holds, the scattering rateP0

totsv1, v2d provides a
mapping of the joint density of states of the system. Va
ous features of this three-dimensional structure could t
be probed using different experimental setups. A spec
example: Keepingv1 fixed, while varyingv2, amounts
to moving through the valence-band structure. All acc
sible crystal momentak will be superimposed at a given
energyv1 and the momentum resolution of the mappin
blurred, in the general case. Notice that different valu
of k add up incoherently; in fact, using

P
f !

P
m̃,m̃0,k̃ it
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is straightforward to prove thatP0
totsi ! fd , N , indicat-

ing aspatially incoherent process. P0
totsi ! id , N2, so

that coherence is recovered in the elastic limit. (To high
order inG, interference terms appear; still, inelastic sc
tering remains incoherent as one expects.)

To compare the graphite data of Fig. 1 with the pred
tions of one-electron theory, we have performed nume
cal calculations ofP0

totsv1, v2d, for v1 ­ 0, 0.5, 1.0, and
1.5 eV. (Photon energies are measured from the abs
tion threshold.) In the numerical work, the Wannier fun
tions of our general formalism have been replaced w
a basis set of atomic orbitalscmksrd ­

P
l almkkrjlkl,

with l ! Ri , l, lz, s; Ri runs over the atoms in a uni
cell (lattice with a basis). Only verticalMn,1ssk, ed tran-
sitions have been considered, thus disregarding the eff
of a small but finite (about one tenth of the Brilloui
zone) photon wave vector. The spin dependence (dia
nal) has been neglected. We assumed a core-hole w
G1s ­ 0.075 eV (FWHM); experimental resolution wa
accounted for by convoluting the spectra with as ­
0.5 eV Gaussian line shape.

The results are plotted in Fig. 2 (lower panel, dash
lines); they have been obtained from the graphite ba
structure depicted in Fig. 2 (upper panel), which we d
termined by implementing the Slater-Koster tight-bindin
parametrization scheme [14]. These emission spectra
flect a1s ! pp absorption process, near theK symmetry
point, followed by emission from thep and s bands at
about 0, –11, and –14 eV. The changes in the spec
profiles, asv1 is swept from threshold to 1.5 eV above
are readily explained by following the band structure
theK ! G direction.

Notice thatone-electron theory provides no explanatio
for the emission peak observed at –8 eV. As shown
below, this discrepancy can be overcome by invoki
intermediate-state relaxation.

Electronic relaxation.—The screening of a carbon 1s
hole in graphite (a semimetal) has been a point of d
cussion. The lack of agreement between the one-elec
density of states and absorption spectra (electron-ene
loss data) was interpreted by Mele and Ritsko [15] a
clear indication of a strong excitonic shift in the final sta
Their findings were contradicted by Wenget al. [16], and
by Batson [17]; these authors claimed that a minor (vir
ally negligible) excitonic enhancement was sufficient f
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FIG. 2. Upper panel: the band structure of graphite. Low
panel: numerical calculations of the graphiteK-edge emission
spectra fora ­ 25±, in the scattering geometry of Fig. 1. The
independent quasiparticle approximation is given by the dash
lines. The inclusion of a localU ­ 23 eV core-hole potential
is represented by the solid lines. The corresponding absorpt
(XAS) profiles are depicted in the inset.

modeling the measuredK-shell near-edge structure. More
recently, core-hole autoionization spectroscopy has p
vided further support to the view that, near threshold, t
excited electron is localized [18,19]; thus, excitons signi
cantly contribute to electronic screening.

In the presence of intermediate-state relaxation t
scattering amplitude is governed by the particle-ho
propagatorG, and numerical calculations of the spectr
have been performed by proceeding as follows. W
assumed a local potential and sets1y2dVm0, 1

2
s;m, 1

2
s 0sqd ­P

l Usld klk0jm0k0l klkjmklds,s0 in the definition ofH1;
electron-hole pair creation has been neglected. In t
case relaxation reduces to an exactly solvable, tw
particle problem; the propagator reads
km0k0; 1sk0jGsv1djmk; 1skl ­ G
mk
0 sv1ddm,m0dk0,k 1

G
mk
0 sv1d

P
l

kmkjlklUklk0jm0k0lGm0k0

0 sv1d

1 2 U
P

lmk
G

mk
0 sv1djklkjmklj2

,

ng
l,
in
we
with G
mk
0 sv1d ­ sv1 2 ´mk 1 ´1sk 1 i

G1s

2 d21 and
klkjmkl ­ almk. (The potential strengthU is in general
l dependent; however, the graphite near-edge structu
entirely determined bypz orbitals, and this dependenc
can be omitted.) The relevant effect ofG (central-cell
e is

exciton) is pictured in Fig. 3. The calculated scatteri
rates Ptotsv1, v2d are depicted in Fig. 2 (lower pane
solid lines). U is a free parameter in our model; to obta
an absorption-peak shift close to the observed value,
have setU ­ 23 eV, in agreement with Ref. [15]. Our
2841
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FIG. 3. Schematic representation of intermediate-state re
ation. (a) Absorption of a photonq1, v1 through the excitation
of a core electron into the conduction band. (b)k! k0 propa-
gation of the electron-core-hole pair. (c) Radiative decay
the intermediate state by creation of a valence-band hole w
momentumk02q and emission of a photonq2, v2. (k0 ­ k in
the independent quasiparticle limit.)

calculated absorption coefficients are shown in the in
of Fig. 2.

Going back to the RIXS spectra, we notice that an e
citonic peak has appeared at about28.5 eV in the nu-
merical calculations; it is mainly a result of dipole tran
sitions into the flat-band region between theL and M
symmetry points. M is a saddle point in thepp band
and gives rise to the singularity in the graphite density
states. (See the inset in Fig. 2, dashed line [20].) Th
states are pulled down by the core-hole Coulomb int
action; consequently, the absorption process is allow
closer to threshold. [Notice that, in the presence of
laxation, v2 ­ v1 2 s´m,k01q1 2 ´m0,k01q2 ), with v1 fi

´m,k01q1 2 ´jm,k0 , and emission from the central region o
the Brillouin zone is negligible. As a result the angul
dependence of the spectra is rather simple: a scaling o
p-band emission (from 0 to –6 eV) relative to thes one
(#26 eV), in agreement with the experiment.]

In summary, this work has discussed general featu
of x-ray resonant inelastic scattering in solids. Nume
cal calculations of the total scattering rate at the carb
K edge in graphite have also been presented and c
pared with recent experiments. It has been shown tha
the independent quasiparticle limit (Bloch electrons) t
process is incoherent, the underlying (theoretical) ba
structure being reflected in the spectra regardless. T
description fails to reproduce the experimental data
two reasons: first, the calculated dispersion of the pe
attributed to the band structure is much smaller than
measured one; and second, important experimental
tures are not reproduced. To remove this discrepancy,
have included intermediate-state relaxation, in the form
excitonic states determined by the core-hole Coulomb
tential; the resulting numerical graphite spectra are now
satisfactory agreement with the observations. (These
citonic effects should also be present in diamond, silic
boron nitride, and B2O3.)
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